J.M. Villalba (1) , A.J. Barbero (2) , R. Diaz-Sierra (3) , E. Arribas (4) , M.J. García-Meseguer (5) ,F. GarciaSevilla (6) , M. Garcia-Moreno (7) , J.A. Vidal de Labra (7) and R. Varon this software allows the user to obtain, both the symbolic expressions, in the most simplified form, and/or the numerical values of the mean residence times in any of its compartments, in the entire system or in a part of the system. As far as we known from the literature, such a software has not been implemented before. The advantage of the present software is that it cuts down on the work time needed and minimizes the human errors that are frequent in compartmental and kinetic systems even those that are relatively staightforward.
The software bioCelTer, along with instructions, can be downloaded from http://oretano.iele-ab.uclm.es/~fgarcia/bioCelTer/
INTRODUCTION
Interest in using compartment models to define, identify and describe biophysical systems, which include many physiological, pharmacological, nutritional, toxicological and biochemical systems has grown in recent years [2] [3] [4] . Such models consist of a finite number of components related to transfer rates or the reaction between them. A compartment may represent a real physical region or an abstract representation of the same [5] [6] [7] [8] [9] .
F o r P e e r R e v i e w mean residence times, to be obtained. Examples we may mention as being among the most representative, are the multicompartmental model proposed for zinc and changes in its metabolism that depend on various parameters such as diet, genetic factors and certain diseases 16 , the micronutrient kinetic model 17 and the multicompartmental kinetic model proposed for cholesterol distribution 18 . Recently, 19 developed a multicompartmental model consisting of thirteen compartments to describe the kinetics of the postprandial distribution and metabolism of dietary nitrogen in humans.
Compartmental analysis may also be useful in toxicology 20 : certain toxic or chemical species may accumulate in significant quantities in a given compartmental model and flow very slowly to the bloodstream, i.e. a certain tissue may act as a reservoir for a substance, for example, lead in bone. Another interesting example is the compound benzo[a]pyrene, a polycyclic aromatic hydrocarbon, widely recognized as a carcinogen in animals, and suspected of having a neoplasic effect in human. Benzo [a] pyrene is found in tar, tobacco smoke and diesel vapor and may be formed by heating certain fats. A multicompartmental distribution has been proposed in experimental animals, establishing a model of eleven compartments 21 .
The study of compartmental systems usually has two main objectives: 1) Obtaining the time variation for the amount of matter in each of the compartments or in one part of the system, in open or closed compartmental systems when there is zero input in any of them, i.e., analysis of the kinetics of the system, and 2) Obtaining, for the same type of compartmental system, the mean residence time in the compartments, in the entire system or in any part of it.
The kinetics of these systems has been widely analyzed 8, [22] [23] [24] [25] [26] [27] [28] [29] in any of its compartments, in the entire system or in a part of the system. The main subject of this contribution is the implementation of such a software. This software will be useful for any linear compartmental system and may be expected to stimulate scientific development in biophysical and biomedical sciences in general and in nutrition, pharmacokinetics and in toxicology, in particular.
MATERIALS AND METHODS
The software is deployed to obtain symbolic expressions as a function of fractional transfer coefficients and in the case of fractional excretion coefficients involved in the system or numerical values of the mean residence times in the compartmental system and in entire system. Symbolic expressions are used in a final and highly simplified form. Those provided by 1 are summarize below. The above symbolic equations involve polynomial coefficients that result from developing the crucial feature of the system of differential equations and minors of this determinant of order one less unit. To obtain these coefficients we applied algorithms developed previously by our working group 1, 24, [28] [29] [30] [31] [32] [33] [34] [35] . The programming language used was the The model we study consists of a linear compartmental system, open or closed, with no traps or traps with zero input in one or more compartment over the system, which is the same as analyzed by 1 to evaluate the symbolic equations of the mean residence times.
To check the software and to apply it to the different examples in this paper we have used a Pentium (R) 4 CPU 2.80 GHz, 1.50 GB of RAM .
NOTATION
To provide the reader with the basis for using the software presented in this paper, we summarize a minimal set of definitions and symbolic expressions of the mean residence times taken from previous contributions of our group 1 .
Compartmental systems are considered closed, if there is no interchange of substance between any compartments of the system with the environment. Otherwise, they are named open systems.
Summary of definitions and symbolic expressions for the mean residence time in closed systems
n: number of compartments of the compartmental system.
..,n): each of the compartments of the system.
..,n): amount of substance in compartment X i at t=0, i.e. the initial x i -value K i,j (i,j=1,2,...,n; i ≠ j): fractional transfer coefficient corresponding to the direct connection between the compartments X i and X j . K i,j is a positive or null quantity depending upon whether or not a direct connection between the compartments X i and X j exists. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
This result is to be expected, because in a closed compartmental system there is no excretion to the environment from any compartment. Therefore, the mean residence time in the entire compartment must be infinite regardless of the X m compartment in which the matter is injected. 
≤
The mean residence time in the entire compartmental system when more than one zero input are made simultaneously in different compartments, e.g. .
Ω : A subset of the system formed by certain compartments 
Summary of definitions and symbolic expressions for the mean residence time in open systems
Fractional transfer coefficient describing the excretion of material from compartment X i to the environment. Evidently, if no excretion from any compartment of the system to the environment occurs, all these coefficients are null and it would be a closed system. Therefore, an open system has to be, at least a non-null fractional excretion coefficient.
The closed linear compartmental system which is kinetically equivalent to an open system under study consists of n compartments, X 1 , X 2 , …, X N , X N+1 ( )
where X n is the added hypothetical compartment to the open system that receives all the excretions.
Thus, the application of this formalism yields:
Evidently, we have:
3.3. General expressions for the mean residence time. 
IMPLEMENTATION
The coefficients appearing in the symbolic expressions of the mean residence times in
Figs. 1 and 2 can be obtained manually as they are coefficients of the polynomials indicated in the previous section. However, we have developed subroutines using algorithms previously developed by our group (COEFICOM 30, 36 ). These subroutines allow the computer to carry out this task easily and quickly, for any compartmental linear system irrespective of its complexity, thus avoiding possible human error and saving time. From the symbolic expressions, it is possible to obtain the numerical values of the wanted mean residence times by merely replacing the symbol for the fractional transfer coefficients by the corresponding numerical value. This task also can be carried out by our software. A simplified flow diagram of the implemented software is shown in Fig. 3 The computer program, we have named bioCelTer, is written using VISUAL BASIC for ii) The input and output data are easy to introduce, due to the graphical interface and versatility of Visual Basic 6.0. As data is entered, options will turn on and off in a very intuitive way.
iii) The entire program is conducted in a single window, which greatly facilitates the task use.
iv)
The results can be saved in a text file, which can be opened and manipulated with most word processor programs.
v) The symbolic expressions and/or the numerical values of the fractional transfer coefficient, K i,j can be saved and later imported for any purpose.
vi) The compartmental system under study, whether a new or imported, can be modified at any time by the use, i.e. the symbolic expressions of the transfer fractional coefficients and/or its numerical values can be changed.
vii)
In the output file, the symbolic expressions and/or the numerical values of the mean residence times wanted are written, together with the time the computer has elapsed in the process.
Hardware requirements.
The main requirement is for a 32-bit Windows operating system such as Windows 2000, XP, Vista or Windows 7 with enough free memory. In addition, to facilitate viewing of all the screens it is recommended that a graphical resolution of al least 800x600 pixels (with small fonts) displaying 256 colours or more be used.
Input syntax and structure.
To run the program we must select whether it is an open or closed compartmental system and the number of compartments, n, which the system under study contains. A grid is automatically displayed where we select the cells corresponding to values of i and j so that K i,j , etc, the corresponding cell must be selected and then a window is displayed to write the alternative symbolic expression (see Fig. 4 ) . If the user does not assign a symbolic expression for some particular K i,j , the program assumes it to be K i,j as soon as the "Save" is pressed in the "Symbolic Expression" box.
From now on numerical values can be entering by clicking in the selected cell. A window is displayed to write the numerical value and later pressing "Save" in the "Numerical Values" box.
Obviously, when one is interested only in the numerical values of the mean residence time no symbolic expression other than K i,j is needed, and only to press "Save" in the "Symbolic Expressions" box needs to be pressed and the corresponding numerical values entered.
Once the connections have been saved, we can also remove or add new connections pressing "Modify" and later "Save" in the "Compartment connections" box so that new symbolic expressions and/or numerical values can now be added. If you modify this compartmental system, the software also allows you to import the values saved in the last grid, by pressing the "Import last symbolic expressions" or "Import last values", and to save by pressing "Save" in the corresponding box (symbolic or numerical), see Fig. 5 . Note that you save the items that appear in the grid.
The software also permits us to save the system under study, import saved systems and create new ones, clicking the appropriate button, (1) To obtain only the symbolic expressions for the mean residence times
In this option there are two possibilities: (1a) To obtain the mean residence time in compartment X i due to zero input in one compartment, X m , i.e, to obtain r i,m and (1b) To obtain the residence time in the entire system when an zero input is made in only one compartment X m , i.e, to obtain r m . The way to determine the residence time, in any compartment X i and in the entire system when different and simultaneous inputs zero are made in more than one compartment X m , is discussed in the 6.RESULTS AND DISCUSSION section. Next we see the different steps corresponding to cases 1a and 1b above.
1(a) Mean residence time in a compartment X i due to an zero input in only one compartment X m
Step 1 warning message appears to indicate that at least one of them must be chosen).
Step 2
Once the wanted r i,m has been selected click on "Mean residence time in compartments" in the "Symbolic expression" box in the windows and then a window appears in which the symbolic expressions of the residence times are displayed (see example 1 below).
Step 3
The above residence times can be saved as a text file by pressing the icon at the bottom of the window showing the results. Step 1
1(b) Residence time in the entire system when an zero input is made in only one
Choose the index m (m=1,2,...n) of compartment, X m , in which the zero input is made by clicking the desired numbered cells in the second columns in the grid "Select compartments". If more than one residence time r m is desired, then all of the corresponding indexes m must be selected.
Once the r m has been selected, click on "Mean residence time in the system" in the "Symbolic expression" box in the screen. A window appears in which the symbolic expression(s) of the mean residence time(s) in the entire system, r m (m=1,2,…,n) is/are displayed (see example 1 below).
Step 3
The above residence time(s) can be saved as a text file by pressing the icon at the bottom of the windows showing the results. Once all the numerical values have been entered, they must be saved by pressing "Save" in the "Numerical Values" box of the screen. Below we enumerate the different steps corresponding to cases 2a and 2b above Step 1 The same as Step 1 in 1(a) above
Once the desired r i,m has been selected click on "Mean residence time in compartments" in the "Numerical Values" box and then a window appears in which the numerical values of the residence times are displayed (see example 1 below).
Step 3
As in
Step 3 in 1(a) above.
2(b) To obtain the numerical residence time in the entire system when an zero input is made
in only one compartment, X m , i.e, to obtain r m .
Step 1 The same as Step 1 in 1(b) above
Once the r m 's have been selected, click on "Mean residence time in the system" in the "Numerical Values" box in the screen, and a window appears in which the numerical values of the mean residence times in the entire system, r m (m=1,2,…,n) are displayed (see examples below).
As in
Step 3 in 1(b) above. Step 1
As in Step 1 of 1(a) or 2(a).
Once the wanted r i,m has been selected click on "Mean residence time in compartments" in the "Symbolic and Numerical Values" box in the screen and a window appears in which the symbolic expressions with the numerical values of the residence times are displayed (see examples below).
To save the result, one proceeds as in Step 3 in 1(a) or 2(a) above.
3(b) To obtain the symbolic and numerical residence time in the entire system when an zero input is made in only one compartment X m , i.e, to obtain r m .
Step 1
First, all the steps included in the options (1b) and (2b) above must be carried out.
Once the r m 's have been selected click on "Mean residence time in the system" in "Symbolic and Numerical Values" box in the screen and a window appears in which the symbolic expressions with the numerical values of the residence times in the entire system, r m (m=1,2,…,n) are displayed (see examples below).
Step 3
To save the result, one proceeds as in Step 3 in 1(b) or 2(b) above.
In Fig. 6 the three above options 1, 2 and 3 and their corresponding steps are summarized.
EXAMPLES
In this section the sofware will be aplied to three examples of linear compartmental 21 . In each of these examples we will choose one or more of the options (1, 2 and 3 above) and in each option one or both possibilities (a) and (b). For each of the steps 1,2 and 3 of the corresponding possibility (a) or (b) we restrict ourselves to show the screen and windows corresponding to each of the three steps. Step 1 (See Fig. 7 )
Example 1
Step 2 (See Fig. 8 )
Step 3 (See Fig. 9) 
Example 2
The connectivity diagram of this example is shown in Scheme 2 and corresponds to an open 4-compartment system with excretions from two of its compartments. We will consider options 1, 2 and 3 below and in each option the two particular possibilities (a) and (b) indicated in Section 3. IMPLEMENTATION above.
Option 1: To obtain only the symbolic expressions for the mean residence times
For ease and simplicity we maintain the symbolic expressions K 1,2 , K 2,3 , K 3,2 , K 3,4 and K 4,1 for the fractional transfer coefficientes and the symbolic expressions K 1,o and K 3,o for the fractional excretion coefficients in Scheme 2 as they are, although any other symbolic expressions are also valid for these coefficients. Now let us assume that we are interested only in possibility 1(a) below.
1(a) Mean residence time in the compartments X 1 and X 3 when an zero input is made in compartment X 1 , X 3 or X 4
Step 1 (See Fig. 10) Step 2 (See Fig 11) Step 3 (as in Fig 9) 1(b) Mean residence time in the entire system when one zero input is made in compartment
F o r P e e r R e v i e w
Step 1 (See Fig 12) Step 2 (See Fig 13) Step 3 (as in Fig 9) 
Option 2: To obtain only the numerical values for the mean residence times.
In this option, an arbitrary set of numerical values has to be assigned to the symbolic expressions K 1,2 , K 2,3 , K 3,2 , K 3,4 and K 4,1 , as seen in Fig. 14.
1(a) Numerical value of the mean residence time in compartments X 1 and X 3 when one zero
input is made in compartment X 1 , X 3 or X 4.
Step 1 (See Fig 14) Step 2 (See Fig 15) Step 3 (as in Fig 9) 1(b) Numerical value of the mean residence time in the entire system when one zero input is made in compartment X 1 , X 3 or X 4 .
Step 1 (See Fig 16) Step 2 (See Fig 17) Step 3 (as in Fig. 9) 
Option 3: To obtain both the symbolic expressions and numerical values of the mean residence times (a) Symbolic expressions and numerical values of the mean residence times in compartments X 1 and X 3 when one zero input is made in compartment X 1 , X 3 or X 4
Step 1 (See Fig 14) Step 2 (See Fig 18) Step 3 (as in Fig. 9) 
(b) Symbolic expressions and numerical values of the mean residence time in the entire
system when one zero input is made in compartment X 1 , X 3 or X 4 .
Step 1 (See Fig 16) Step 2 ( See Fig 19) Step 3 (as in Fig. 9) 
Example 3
The connectivity diagram of this example is shown in Fig. 20 Fig. 20 )
Step 1 (See Fig. 21 )
Step 2 (See Fig. 22 )
Step 3 (as in Fig. 9 )
The results for the evaluated mean residence times in the compartmentes of this physiologically interesting real example are summarized in Table II. (b) Numerical value of the mean residence time in the entire system when a zero input is made in compartment X 1 .
Step 1 (See Fig. 23 )
Step 2 (See Fig. 24 )
Note that the mean residence time of the radiactivity in the entire system after intratracheal administration of the radiactive substance 
RESULTS AND DISCUSSION
In this paper we present a software based on previous mathematical algorithms 4, 45, 53, 54 to all of which this software could be applied to increase our knowledge of the same. We hope that the tool we present here encourages the searchers in these fields to use compartmental systems to model their physiological systems in order to evaluate mean kinetic parameters which will complete their kinetic analyses.
The software here presented demonstrates its power by handling complex compartmental systems. But the examples suggested in the previous section (5.EXAMPLES)
are simple multicompartmental systems so as not to excessively increase the length of the paper. Obviously, the ultimate aim of this software is to apply it to any multicompartmental system irrespective of its complexity.
Mean Residence Times in one compartment or in the entire system when matter is injected in one compartment, X m .
The information that the software provides directly is the mean residence time in one compartment or the entire system when matter is injected in only one compartment, although the software makes it possible, for convenience, to simultaneously solve the symbolic expression and/or numerical values of the mean residence time in one or more of the compartments when it is assumed that matter is injected in one or more of the compartments. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , ,..., , ,
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... 
Thus, in this case, eq. (10), we define the mean residence time, Therefore, in this case, the mean residence time in the entire system, r m , given by eq. (12), is independent of the zero input made in compartment X m and is furnished by the software. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Therefore, in this case the mean residence time in Ω , ,m r Ω , given by eq. (14), is independent of the zero input made in compartment X m .
The results for r i,m furnished by the software allow, if necessary using eqs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 0.00372 K 6,2 0.136 K 6, 7 0.0932 K 6,9 0.00329 K 7, 6 0.00289 K 8,2 0.111 K 8, 9 0.0496 K 9,6 0.0447 K 9, 8 0.0247 K 10,11 0.09 K 11,o 0.09 Table I . Values of the fractional transfer coefficient (rate constants) corresponding to Figure 20 . Table II . Values of the mean residence times in lungs, blood and liver corresponding to the compartmental system in Fig. 20 obtained by the software using the fractional transfer coefficient summarised in Table I . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 

